. The effect of alkali poisoning of Mo0,-Ti02 I on the catalytic activity: MOO, content, 10 atomic %; reaction temperature; 0, 250 "C; 0 , 275 "C; 0, 300 "C. the catalytic activity for the reduction of NO with NH3 was examined. As shown in Figure 9 , the activity was decreased with the increase of added amount of NaOH and almost lost by the addition of 6 atomic ?& of NaOH. Thus, the surface acidity seems to play an important role for the reaction of NO with NH3. To distinguish between Bronsted and Lewis acid sites, the effect of alkali poisoning of MoO,-TiOP I on the activity for the isomerization of cyclopropane to propylene which is known to be catalyzed by Bronsted acids (Jacono and Hall, 1977) was studied. As shown in Figure 10 , the activity decreased with the increase of an added amount of Na and was finally lost. Since the curve of the activity decrease in the isomerization ( Figure 10 ) is similar to that in NO reduction (Figure 9 ), the acid sites which are active for the reduction seem to be mainly Bronsted type. Takagi et al. (1979) reported from an infrared study that NH4+ formed during the reaction of NO with NH3 on the surface of V0,-Ali03 is a reactive species. In the present case, the Bronsted acid sites evidenced by infrared study of adsorbed pyridine and the poisoning experiment with alkali for the isomerization of cyclopropane may enhance the activity by facilitating the adsorption of NH3 and the formation of NH4+. It is concluded that the increase of acidity on the addition of The oxidation of CO over vanadium oxide, unsupported and supported as a monolayer (or monomolecular dispersion) on y-A1,03, GO,, Ti O, , and ZrO, was studii between 600 and 800 K in a continuous flow reactor. From catalytic and structural studies it was concluded that the activity of unsupported V206 is determined by its crystallinity, while that of supported vanadium oxide is affected by interactions with the support. An additional thermogravimetric investigation supports the conclusion that on all catalysts CO reacts to C02 via a reduction-oxidation mechanism in which the reduction of the catalyst is the ratedetermining step.
Introduction
The interaction between two adhering oxides can in general be expected to be stronger than that between a *present address: E~~~~ Research and Development Labs., P.O. Box 2226, Baton Rouge, LA 70821.
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metal and an oxide. Consequently, the catalytic properties of an active oxide can be expected to be affected appreciably by the support. Because vanadium oxides are used extensively in catalytic oxidation (Dadyburjor et al., 1979) investigation of the effect of the support on its catalytic properties is worthwhile. Recently, Goldwasser and Trimm (1979) studied the activity of vanadia supported on -pA1203, ZrOz, SiOz for solution of 1 wt 70 ammonium vanadate (acidified with HN03 to pH 4) through a bed of particles of the support (0.3-0.6 mm diameter). For further details see part 1 of this series (Roozeboom et al., 1979) . The catalysts were dried at 383 K (17 h) and calcined at 723 K (2 h).
X-ray Fluorescence. The vanadium content of the catalyst samples was determined with a Philips 1410 X-ray spectrometer by X-ray fluorescence (Van Willigen et al., 1971) .
X-ray Diffraction. The two types of unsupported VzO5 were analyzed with a Philips PW 1050-25 vertical diffractometer.
Temperature-Programmed Reduction. TPR profiles of the two unsupported Vz05 catalysts were recorded by the procedure described in part 3 (Roozeboom et al., 1980) . Thermogravimetry (TG). This was carried out by means of a Mettler Thermoanalyzer with which weight changes (accuracy: 0.02 mg) were continuously recorded. In order to eliminate gas flow and buoyancy effects, blank runs with an empty crucible were performed prior to each measurement. In most cases approximately 70 mg of catalyst was brought into an inert alumina sample holder (Type ME-93523). An argon flow of 50 mL NTP min-l was passed through the housing of the balance as a protective measure. Oxygen and hydrogen were fed into the furnace surrounding the specimen.
Each sample successively underwent three treatments during which its weight was recorded while the temperature was increased from room temperature to 830 K at a rate of 5 K min-l. The treatments were: (i) dehydration in an oxygen flow (10 mL NTP min-'; (ii) after flushing with argon to remove the oxygen: reduction in a hydrogen flow (10 mL NTP min-'; (iii) after flushing with argon: reoxidation in an oxygen flow (10 mL NTP min-'). If required, the temperature in step (ii) was kept at the maximum value of 830 K in order to complete reduction.
Catalytic Measurements. The oxidation of CO was studied in a conventional flow reactor as described elsewhere (Van Dillen, 1977) . The reactor was kept at a pre-set temperature within f l K. The gas feed usually contained 1 vol % CO, 1 vol % 02, and 98 vol 70 Nz at a total gas flow of 50 mL NTP min-'. The determination of the C02 formed was based on the change in electric conductivity of an aqueous NaOH solution, using complete oxidation of CO over a BTS catalyst as a reference for 100% conversion.
Experimental Results
Thermogravimetry. One of the questions to be answered in establishing a mechanism for catalytic oxidation reactions concerns the relative ease of reduction and reoxidation of the catalyst. Therefore, a thermogravimetric study was performed on all supported vanadia catalysts used in this investigation. As an example Figure 1 gives the TG curves obtained during reduction (after previous dehydration) and subsequent reoxidation of vanadia on ZrO,. These are typical for the curves obtained with all catalysts. All TG-data are collected in Table I and it is clear that the reduction of all catalysts sets in at considerably higher temperatures than their reoxidation. This is in agreement with the results of Van Dillen (1977) on unsupported Vz05 (a Baker product) for which reduction started at 733 K and reoxidation already at 393 K.
The weight changes show that the vanadium is reduced to the trivalent state and that the reoxidation restores the original pentavalent state. Only on 7-AlzO3 the weight loss would imply reduction to the quadrivalent state, which, however, is not in agreement with TPR results reported the oxidation of CO and observed a decrease in activity in this order. It is interesting to extend the range of supports and to compare the activity of supported with that of unsupported vanadia catalysts.
In the oxidation of organic molecules it has been observed (Andreikov et al., 1973; Kera and Kuwata, 1979; Shaprinskaya et al. 1970; Stasevich et al., 1969; Simard et al., 1955 ) that active vanadia catalysts contain vanadium ions with a valency lower than 5. The partial reduction of active vanadia catalysts has been attributed to a Mars-van Krevelen or reduction-oxidation mechanism (Hughes and Hill, 1955; Hirota et al., 1968; Kera and Hirota, 1969) in which the catalyst is alternately reduced and reoxidized according to the reaction scheme
where M is the molecule oxidized to products symbolized by "MO", Oact is the active oxygen species of the catalyst, and Vo is a surface oxygen vacancy.
Other evidence for this type of mechanism is that, in the absence of gaseous oxygen, the oxidation proceeds with the same selectivity as in its presence, though only for a short time. The evidence concerning the oxidation of Hz and CO is less clear cut (Van Dillen, 1977) . Some authors (Marshneva et al., 1972) have put forward evidence pointing to an associative mechanism, where lattice oxygen does not participate, while others (Hirota et al., 1968; Kera and Hirota, 1969; Hughes and Hill, 1955 ) prefer a reduction-oxidation mechanism.
In this work the effects of 7-Alz03, ZrOz, TiOz, and CeOz as supports on the activity of vanadia in the oxidation of CO were studied. Because the interaction between vanadia and the support may be influenced by the valence state of the vanadium these activities have also been studied after an intermediate reduction (by H,) and reoxidation treatment. Before this reduction-reoxidation treatment the supports were covered by approximately a monolayer of vanadia (Roozeboom et al., part 1, 1979; part 2, 1978; part 3, 1980 , part 5, 1981 .
As evidence has been published (Tilley and Hyde, 1970 ) that the crystal size and defect structure of vanadium pentoxide affect its reducibility, two types of unsupported VzO5 were also studied.
Comparison of the catalytic properties of the different unsupported and supported vanadia catalysts made it possible to discriminate between effects of particle size and defect structure on the one hand, and those of a chemical interaction with the supports on the other.
To investigate whether a connection exists between the catalytic activity in CO oxidation and the reducibility of the vanadia, the catalysts have also been studied by temperature programmed reduction.
Experimental Section
Materials. Two different unsupported V205 catalysts were used: a Baker product (analytical grade), which was annealed at elevated temperatures, and a catalyst prepared by decomposition of NH4V03 (Merck, analytical grade). This was performed at a relatively low temperature by heating at 600 K for 2 h in a stream of air.
The oxidic carriers, viz., 7-A1203, CeO,, TiOz, and Zr02 have previously been described (Roozeboom et al., 1978 (Roozeboom et al., , 1979 . All gases (Loosco, Amsterdam) were dried by BDH molecular sieve Type 4A. Nitrogen and argon were deoxygenated by BTS-catalyst R-3-11 (BASF). Hydrogen was deoxygenated by a Baker "deoxy" catalyst (Pd/A1203).
Catalyst Preparation. The supported vanadia catalysts were prepared by passing a freshly prepared aqueous in part 3 (Roozebaom et al., 1980) . As yet no explanation can be given for this discrepancy.
Above the temperatures at which reoxidation is complete a very small weight loss is noted. This might be due to some decomposition of the supported vanadia to some suboxide such as V307 or ,V601s. Unfortunately, no thermodynamic data are available t Q substantiate this possibility (decomposition to, e.g., VOZ would not be expected to occur at temperatures below 1200-1400 K).
Temperature-Programmed Reduction. Because crystallite size has beekshowp to play an important role in the reduction of vanadia (Tilley and Hyde, 1970) and to allow a comparison with eadier TPR measurements on supported catalysts (Roozeboom et al., part 3,1980) , TPR measurements were performed on pure V205 These were done with well-annealed V205 and with V206 freshly prepared by thermal decomposition of NH4V03. The re- b ,
Figure 3. X-ray diffraction patterns of (a) well annealed Vz06 (Baker) and (b) freshly prepared Vz05.
sulting TPR curves in Figure 2 show that the reduction of the well-annealed VZO5 starts at 725 K, whereas that of the freshly prepared V205 Starts at 675 K. This is only slightly higher than that of a monolayer of V206 on yA1203 (Roozeboom et al., part 3, 1980) . The X-ray diffraction patterns shown in Figure 3 show that in the freshly prepared V206 a very small amount of suboxide is present (both V204 and V6O13 have their strongest XRD line near 28 = 28'). This indicates that the freshly prepared V205 contains a large number of defects and these may well cause the greater ease of reduction.
On both types of Vz05 TG showed again that reoxidation starts at a much lower temperature (I 413 K) than reduction.
Catalytic Studies. Table I1 summarizes the results of the catalytic experiments. In all cases the order in CO was found to be 1 or nearly so. The order in oxygen was zero for all catalysts. From the measured conversions the rate constants were calculated by integration. In Figure 4 some typical Arrhenius plots are shown from which the data in Table I1 were derived.
Repeated experiments on V206 freshly prepared from NH4VOB show that after this has been heated to sufficiently high temperatures the activity drops to that of the well-annealed V205 (Baker) with an increase in activation energy and preexponential factor. Irreversible changes in the V206 monolayers may be caused by reduction, either due to agglomeration of the vanadia or due to dissolution of vanadium ions in the support. Therefore all supported catalysts were submitted to complete reduction by Ha After reoxidation with oxygen the catalytic activity was measured again. As shown in Table I1 the catalaytic activity of V;O5/y-Al2O3 and of VzO6/ZrO2 is not changed by this treatment. V206/Ti02, which before reduction/reoxidation behaves similarly to V206/y-A1203, shows a large change in behavior. The activation energy becomes equal to that of the oxidation of CO by pure Ti02 but the preexponential factor is significantly greater. For v2@ on Ce02 only the preexponential factor is observed to increase after reductionlreoxidation.
Pure y-Al2O3 shows no catalytic activity in CO oxidation. The other supports show an activity which increases in the order Zr02 < TiOz << CeOz.
Discussion
The observed orders of 1 for CO and 0 for O2 on all catalysts are in agreement with a reduction-oxidation mechanism in which the reduction of the catalyst by CO (reaction 1) is rate determining. This is supported completely by the thermogravimetric results which show that reduction of the catalysts is slow and only starts at a relatively high temperature, whereas reoxidation is fast and sets in already at low temperatures. Furthermore, it is important to note that the temperatures at which reduction starts in the TG experiments are for all catalaysts very close to the temperatures at which CO oxidation se;ts i?.
From th: catalytic experiments it emerges that three types of active sites can be distinguished in these catalysts:
(1) sites with low activity (high activation energy) on well-annealed V206; (2) sites with high activity (intermediate activation energy) on freqhly prepared V206 and on the V205 monolayers on y-A1203 and, before reduction/ reoxidation, on TiO,; (3) sites with very high activity (low activation energy) on some supports, with or without dissolved vanadium ions.
1. The results obtained with a well-annealed V2O5 lead to the conclusion that this contains a large number of active sites (high preexponential factor) with a low activity due to the high energy of activation of 25.7 kcal mol-l.
2. The freshly prepared V205 has a higher overall activity than the well-annealed VzO5 due to a much lower activation energy of 19 kcal mol-' even though the number of active sites is smaller (ko = 3 x io3 s-l m-?.
As is clear from the X-ray diffraction patterns of Figure  3 the well-annealed V205 consists of larger crystallites containing less lattice defects as shown by the sharper and higher diffraction maxima. Thus, in agreement with previous work (Tilley and Hyde, 1970 ) the rate of reduction of Vz05 increases with decreasing crystal size, as is shown by the TPR profiles of Figure 2 . At the same time this corresponds to a greater activity in CO oxidation.
Evidently the larger number of lattice defects in the smaller crystallites of freshly prepared V2O5 causes an acceleration of the nucleation of a reduced phase. Keeping this catalyst at a sufficiently high temperature leads to recrystallization and hence to annihilation of the defects. The catalytic activity consequently becomes more like that of well-annealed V2O5.
As can be seen from Table 11 , a monolayer of vanadium oxide on y-Al2O3 and Ti02 exhibits initially about the same activation energy (18.6 kcal mol-') as poorly crystallized V205 (19.0 kcal mol-l). With alumina as a support the ko value is of the same order of magnitude (lo3 s-l m-2), whereas with titania it is appreciably higher (2 X lo5 s-l m-2). The agreement in EA indicates that these catalysts also contain very finely divided vanadia species, containing a large number of lattice defects with a high activity. These species are hardly influenced by a specific interaction with the support, as long as they are present as a monolayer. Evidently this monolayer is very stable on y-alumina as shown by the absence of any effect of (hydrogen-) reduction and reoxidation on the catalytic activity of vanadia on y-A1203.
3. Upon reduction-reoxidation the activity of vanadium oxide on titania becomes characteristic of that of pure titania, though with a higher KO value. It is probable that, on reduction treatment, vanadium, probably as V4+ ions, dissolves in the titania, which brings about the disappearance of V oxide from the surface and explains the increased number of active sites on the titania surface (higher ko value).
For vanadia on zirconia and ceria the activation energies are equal to those of the supports irrespective of any reduction-reoxidation treatments.
Like titania, ceria is more active than pure V2O5. The activities of the pure supports run parallel to the order of their reducibilities: Ce02 >> Zr02 -Ti02 >> yA1203 as determined from TPR experiments (Roozeboom et al., part 3, 1980) . Deposition of vanadium oxide poisons the activity of ceria. For a reduction-oxidation mechanism this correlates well with the better reducibility of Ce02 as compared with that of V/Ce02, as shown by means of TPR (Roozeboom et al., part 3, 1980) . On reduction-reoxidation some vanadium is probably incorporated in the ceria, thus increasing the uncovered ceria surface, which is more active than V oxide. Since some of the vanadium remains at the surface the ko value of the pure ceria is not obtained. In the case of vanadia on zirconia a strong interaction may readily cause the formation of a ZrV207-like surface compound already during calcination, the stability of which is reflected by the fact that EA and ko are not changed by the reduction-reoxidation treatment. Incorporation of vanadium ions into the zirconia lattice leads to an increase in the number of active sites, as observed above with titania. The above interpretation is in agreement with the structural changes occurring on heat treatment of the monolayer type catalysts reported previously (Roozeboom et al., part 3,1980) : (i) on y-Al2O3 the vanadia monolayer structure does not change markedly; (ii) on Ti02 a solid solution is formed; (iii) on Zr02 there is formation of ZrV207 and of a solid solution; (iv) on Ce02 small amounts of V surface compounds are present. This correlation between the spectroscopic observations of the structural behavior on the one and the catalaytic behavior on the other hand is summarized schematically in Figure 5 .
In a recent paper, Goldwasser and Tri" (1979) studied the influence of the support for the CO oxidation over vanadium oxide supported on y-A1203, Si02, and Zr02. They also concluded that the nature of the support affects the adsorption of gases and the catalytic activity. They reported the activities to decrease in the order V/yA1203 > V/ZrOz > V/Si02, whereas in this study the order V/ ZrOz > V/Ti02 > V/Ce02 > V/y-A1203 is observed. Goldwasser and Trimm (1979) , however, had some difficulties in the study of V/Zr02 and report that their method for measuring specific surface areas (based on the oxygen sorption of prereduced catalyst samples at 78 K) may not be appropriate in this case. Moreover, their use of XRD in establishing the presence of a monolayer or solid solution is questionable: for XRD crystallites of at least 50 A (i.e., 10 monolayers) are required. This would contradict their oxygen sorption measurements which point to a monomolecular dispersion.
In the preceding paper (Roozeboom et al., part 3,1980 ) it was shown that at low coverages it is impossible to study the dispersed vanadia by XRD, but that Raman spectroscopy and TPR can be used. Furthermore, the above authors used V coverages far below the theoretical monolayer capacities. On the basis of a surface area of 10.3 A2 per VO2.5 unit (Hanke et al., 1975 ) and with their catalyst surface areas it can be calculated that they applied only 5.0, 1.3, and 12.5% of the theoretical vanadium oxide monolayer capacity onto alumina, silica, and zirconia, respectively. Thus, especially on zirconia 02-(inactive for CO oxidation) may be stabilized by spill-over from vanadia to the support (Fenin et al., 1971) and decrease the activity of V/ZrOz.
Concluding Remarks
The above consistent evidence has shown that there exists a close correspondence between the structure and the activity of a catalyst.
The activity of unsupported V206 is appreciably determined by its crystallinity, while supported vanadium oxide is substantially affected by its interaction with the support, and two types of active sites can be distinguished in these catalysts.
Vanadium ions dissolving in supports, which are active themselves, may often act as promoters constituting a third type of active site.
On all catalysts CO reacts to C02 via a redox mechanism in which the rate-determining step is the reduction of the catalyst.
